RD4 is an important chromatin regulator with roles in gene regulation, DNA damage, cell proliferation and cancer progression [1] [2] [3] [4] . The protein is recruited to distinct genomic loci by the interaction of its tandem bromodomains with acetylated lysines on histones and other nuclear proteins 5 . There, BRD4 acts as a transcriptional activator by positive transcription elongation factor (P-TEFb)-mediated stimulation of transcriptional elongation 6 . The activating function of BRD4 on key driver oncogenes like MYC have made this epigenetic enzyme an important therapeutic target in both BRD4-translocated and BRD4 wild-type cancers 3, [7] [8] [9] [10] [11] [12] ; at least seven bromodomain inhibitors have reached the clinical stage
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RD4 is an important chromatin regulator with roles in gene regulation, DNA damage, cell proliferation and cancer progression [1] [2] [3] [4] . The protein is recruited to distinct genomic loci by the interaction of its tandem bromodomains with acetylated lysines on histones and other nuclear proteins 5 . There, BRD4 acts as a transcriptional activator by positive transcription elongation factor (P-TEFb)-mediated stimulation of transcriptional elongation 6 . The activating function of BRD4 on key driver oncogenes like MYC have made this epigenetic enzyme an important therapeutic target in both BRD4-translocated and BRD4 wild-type cancers 3, [7] [8] [9] [10] [11] [12] ; at least seven bromodomain inhibitors have reached the clinical stage 13 . Genomewide studies have identified the role of BRD4-induced epigenetic heterogeneity in cancer cell resistance 14 and factors defining BRD4 inhibitor response 15, 16 . However, despite its clinical importance and the broad role of BRD4 in chromatin organization, surprisingly little is known about factors that are directly required for BRD4 function. To systematically expand the list of known BRD4 interactors 5 and characterize proteins directly required for BRD4 function, we developed a strategy of two complementary screens for the genetic and physical partners of BRD4. The two approaches converge on a single factor, MTHFD1. Our description of a transcriptional role for this C-1-tetrahydrofolate synthase highlights a direct connection between nuclear folate metabolism and cancer regulation.
Results
A genetic loss-of-function screen for BRD4 pathway genes identifies MTHFD1. We recently generated reporter for epigenetic drug screening (REDS) cell lines that respond to inhibition of BRD4 with the expression of red fluorescent protein (RFP) ( Supplementary  Fig. 1 ) 17 . The near-haploid genotype of these cells, originating from the chronic myeloid leukemia cell line KBM-7, makes them ideally suited for gene trap genetic screens 18, 19 . Therefore, we tested several REDS clones for their karyotype and confirmed the haploidy of one clone, REDS1. This clone, which harbors a single RFP integration in the first intron of CDKAL1, robustly induced RFP expression when treated with the BRD4 inhibitor (S)-JQ1 or with short hairpin RNAs (shRNAs) targeting BRD4 messenger RNA ( Supplementary Fig. 1 ). We then performed a gene-trap-mediated genetic screen on this (Fig. 1a) . The high specificity of the screening system relies on a rapid gain of RFP signal, which indicates chromatin changes mimicking BRD4 inhibition. Therefore, the expression of RFP following a specific gene knockout suggests that the gene targeted is either directly required for BRD4 function or independently involved in chromatin remodeling at BRD4-dependent loci. We infected REDS1 cells with a gene trap virus that results in the integration of a splice acceptor site followed by a green fluorescent protein (GFP) reporter gene and a polyadenylation signal, thereby causing the premature termination, typically after the first exon, and thus loss of function of target genes. We then expanded cells for 2 weeks, sorted double-positive cells (RFP + /GFP + ) (Fig. 1b) , extracted genomic DNA from this population, amplified gene-trap-integration sites and sequenced and mapped them onto the genome. Two prominent protein-coding genes emerged from the analysis of these data for the number and orientation of integrations: MTHFD1 and MDC1 (Fig. 1c , Supplementary Fig. 2 and Supplementary Table 1) . MDC1, a gene 
55 kDa 100 kDa 150 kDa The experiment was repeated twice with similar results. c, Upper panel: western blot following nuclear versus cytoplasmic fractionation in HAP1, KBM-7 and HEK293T cell lines. RCC1 was used as nuclear loading control while tubulin was used as cytosolic loading control. Lower panel: western blot following MTHFD1 pull-down in the different cell fractions. The experiment was repeated three times with similar results. d, Western blot performed on chromatin-associated protein samples extracted from HAP1 cells treated with the indicated compounds for 2 h (dBET1, 0.5 μM; dBET6, 0.5 μM; MTX, 1 μM) or 24 h (dBET1, 0.5 μM; dBET6, 0.05 μM; MTX, 1 μM). H2B antibody was used as the loading control. The experiment was repeated three times with similar results. e, Western blot for nuclear versus cytoplasmic protein levels in HAP1 cells treated for 24 h as above. The experiment was repeated twice with similar results. f, Western blot from chromatin fractions of MEG-01, K-562, MV4-11 and MOLM-13 cells treated with dBET6 for 2 h. The experiment was repeated twice with similar results. g, Immunofluorescence images of HeLa cells treated with the indicated compounds and stained for MTHFD1, BRD4 and DAPI (small inserts). Scale bar, 10 μm.
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Nature GeNetics involved in DNA repair, can be linked to BRD4 biology indirectly through the insulator role of the short isoform of BRD4 during DNA damage signaling 2 . To validate MTHFD1 as a genetic interactor of BRD4, REDS1 cells were treated with three different shRNAs resulting in 44-92% knockdown of MTHFD1 (Fig. 1d) . All three hairpins induced RFP expression; the effect size correlated with their knockdown efficiency (Fig. 1e,f) . To rule out clone-specific effects, we repeated the same experiment in the diploid REDS3 clone and obtained comparable results ( Supplementary Fig. 2 ).
MTHFD1 is recruited to chromatin by physical interaction with BRD4. In a second complementary profiling approach, we used proteomics to identify BRD4 interactors in K-562, MOLM-13, MV4-11 and MEG-01 leukemia cell lines ( Fig. 2a and Supplementary Fig. 3 ).
Only 13 proteins commonly interacted with BRD4 in all four cell lines. This set comprised several chromatin proteins like BRD3, lamin-B1 and structural maintenance of chromosomes protein 3 and additionally included MTHFD1, the folate pathway enzyme identified in the genetic screen. The physical interaction between BRD4 and MTHFD1 was confirmed in the four leukemia cell lines (Fig. 2b) and all additional cell lines tested ( Supplementary Fig. 3 ). The inverse experiment using MTHFD1 as bait confirmed the interaction with BRD4 and other proteins important for transcription ( Supplementary Fig. 3 ). On tiling peptide microarrays, MTHFD1 interacted with several BRD4-derived peptides, particularly those of the bromodomains (Supplementary Fig. 3 ). Similarly, several potential interaction sites were identified on MTHFD1, and acetylation of MTHFD1-derived peptides on the known modification 
Nature GeNetics sites K56 and K819 increased the binding of BRD4. Recombinant MTHFD1 and a MTHFD1 (K56ac) peptide inhibited the interaction between BRD4 and acetylated histone peptides ( Supplementary  Fig. 3 ). In cellular pull-down assays, all BRD4 isoforms interacted with full-length MTHFD1 but not with the dehydrogenase/cyclohydrolase or formyltetrahydrofolate synthetase domains alone ( Supplementary Fig. 4 ). The MTHFD1 (K56A) mutation, which mimics the uncharged acetylated state, enhanced interaction with BRD4, while mutation of the same residue to a charged arginine reduced the interaction. An N-terminal BRD4 (1-480) fragment harboring both bromodomains was sufficient for the interaction with full-length MTHFD1, and the double bromodomain mutant C-labeled sodium formate for 24 h, followed by RNA extraction and LC-MS/MS analysis of nucleotides for the 13 C/ 12 C ratio. Two biological replicates were analyzed for each experimental condition. AMP, adenosine monophosphate; CMP, cytidine monophosphate; GMP, guanosine monophosphate; UMP, uridine monophosphate. f, Incorporation of labeled formate into RNA using the same procedure with MTHFD1 knockout cells transiently transfected with full-length MTHFD1, or the protein with either an NLS or an NES. The percentage of control is calculated considering the 13 C incorporation in HAP1 wild-type and MTHFD1 knockout, respectively, as 100% and 0. Two biological replicates were analyzed for each experimental condition.
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GFP-BRD4 N140F/N433F showed drastically reduced binding to FLAG-MTHFD1 ( Supplementary Fig. 4 ). In summary, these biochemical data are consistent with the interaction between the proteins occurring on several specific contact points, which are enhanced by binding of the BRD4 bromodomains to acetylated lysines on the surface of MTHFD1. Future studies are needed to structurally resolve the configuration of chromatin-bound MTHFD1 and elucidate the impact of BRD4-dependent condensates 20,21 on the interaction. While BRD4 is localized almost exclusively to the nucleus, folate metabolism is considered to occur in the cytoplasm and mitochondria 22 . Nuclear import of folate pathway enzymes including MTHFD1 has been described only recently 23, 24 . Nuclear versus cytosolic fractionation of HAP1, KBM-7 and HEK293T cells indicated that a fraction of MTHFD1 resides in the nucleus in all three cell lines (Fig. 2c) . MTHFD1 pull-downs in the cytosolic and nuclear fractions of HAP1, KBM-7 and HEK293T revealed that the interaction with BRD4 was restricted to the nucleus (Fig. 2c) . With the nucleus confirmed as the interaction site of BRD4 and MTHFD1, we asked whether the BRD4-MTHFD1 complex was chromatin-bound or rather found in the soluble nuclear faction. We prepared chromatin extracts comprising tightly DNA-bound proteins from HAP1 cells and checked for the presence of BRD4 and MTHFD1 by western blotting. Both proteins were clearly detectable in the chromatin-bound fraction (Fig. 2d) . To probe whether BRD4 recruits MTHFD1 to chromatin, we treated HAP1 cells with the small molecule degronimids dBET1 (ref. 25 ) and dBET6 (ref. 4 ). Two-hour treatment with these compounds resulted in the nearly complete ablation of BRD4 from chromatin. Under these conditions, MTHFD1 was lost from chromatin, with remaining levels correlating with the amount of BRD4 (Fig. 2d) , suggesting that BRD4 is the main factor recruiting MTHFD1 to chromatin. We further observed that methotrexate (MTX), an antifolate acting primarily on dihydrofolate reductase (DHFR), caused a similar depletion of chromatin-associated MTHFD1, while it did not affect BRD4 levels. A possible explanation is direct competition between BRD4 and MTX for binding to the MTHFD1 substrate pocket containing K56ac. Importantly, BRD4 degradation or MTX treatment did not impair MTHFD1 nuclear localization (Fig. 2e ), suggesting that while nuclear import of MTHFD1 is otherwise mediated, the interaction with BRD4 accounts for the recruitment of MTHFD1 to chromatin. To ensure cell-type independence, we confirmed that BRD4 degradation results in loss of MTHFD1 from chromatin in five additional cell lines (Fig. 2f,g ).
Colocalization of MTHFD1 and BRD4 regulates gene expression. Having characterized BRD4-dependent chromatin recruitment of MTHFD1, we aimed to identify the genomic location of MTHFD1 binding by mapping the binding sites of the enzyme by chromatin immunoprecipitation sequencing (ChIP-seq) experiments in HAP1 cells. To control for antibody specificity, we generated MTHFD1-null HAP1 cells by CRISPR-Cas9 genome editing ( Fig. 3a and Supplementary Fig. 5 ). MTHFD1 was detected at distinct genomic loci and signal was lost in MTHFD1 knockout cells (Fig. 3b) . In line with the proteomics experiments, the vast majority of MTHFD1 binding sites overlapped with BRD4 binding sites at promoter and enhancer regions, where H3K27ac was also enriched (Fig. 3c and Supplementary Fig. 6 ). Importantly, MTHFD1 chromatin binding was also lost after acute BRD4 degradation by 2 h treatment with dBET6 ( Supplementary Fig. 7 ), suggesting a widespread role of MTHFD1 in chromatin regulation. Transcriptome analysis of HAP1 cells treated with BRD4 inhibitors, degraders and antifolates, as well as genetic perturbation by knockdown of BRD4 and knockdown/knockout of MTHFD1 validated the respective perturbation ( Supplementary Fig. 8 ). While MTHFD1 knockout resulted in expression changes of additional genes in the folate pathway, the more acute perturbations by compounds and shRNAs caused only minor changes in these genes. On the whole transcriptome level, we observed agreement in gene expression changes of compounds targeting BRD4 and antifolates, as well as between the genetic perturbation of BRD4 and MTHFD1 (Fig. 3d,e) . Both MTHFD1 and BRD4 binding sites were enriched in promoters of genes with transcriptional functions ( Supplementary  Fig. 6 ); combined analysis of chromatin binding and transcriptome changes revealed that genes bound by either protein were more highly expressed compared to similar genes without binding as detected by ChIP-seq ( Supplementary Fig. 8 ). Both MTHFD1 and BRD4 were enriched at promoters of genes that were downregulated following knockdown of either of these proteins ( Fig. 3f and Supplementary Fig. 8 ). The correlation between transcriptional effects of bromodomain and extra-terminal (BET) inhibitors and antifolates, as well as between knockdown of MTHFD1 and BRD4 was conserved in K-562 and A549 cells, suggesting cell-type independence ( Supplementary Fig. 9 ).
Loss of MTHFD1 or BRD4 results in similar metabolic changes. MTHFD1 is a C-1-tetrahydrofolate synthase that catalyzes three enzymatic reactions in folate metabolism, resulting in the interconversion of tetrahydrofolate (THF), 10-formyl-THF, 5,10-methenyltetrahydrofolate (5,10-CH=THF) and 5,10-methylenetetrahydrofolate (5,10-CH 2 -THF) (Fig. 4a) . These folates are key intermediates of one-carbon metabolism and provide activated C1 groups for the biosynthesis of purines, pyrimidines and methionines. Biosynthesis of these three major classes of C1 metabolism products is considered to occur predominantly in the cytoplasm and mitochondria of mammalian cells 22 , but we detected not only MTHFD1 but also several other enzymes required for nucleotide biosynthesis in the tightly chromatin-associated protein fraction in K-562 and HAP1 cells (Fig. 4a,b and Supplementary Table 2 ). To test whether BRD4 might affect MTHFD1 enzymatic activity, we used enzyme assays with recombinant protein in the presence of either full-length BRD4 or only the first bromodomain. We observed that full-length BRD4 boosted the activity of MTHFD1 to convert THF to 5,10-CH=THF (Fig. 4c) .
We next asked whether inhibition of BRD4 or MTHFD1 altered nuclear metabolite composition. To reduce technical challenges by fast diffusion rates and unselective metabolite loss through the nuclear pore as much as possible, we used a protocol of rapid nuclei isolation after knockdown of either BRD4 or MTHFD1, and analyzed the nuclear metabolome relative to a non-targeting control hairpin. In total, we detected 2,851 metabolites, of which over 400 were significantly changed in one of the conditions. We observed strong correlation between the nuclear metabolomes in BRD4 and MTHFD1 knockdown conditions, particularly for metabolites in the purine, pyrimidine and methionine biosynthesis pathways ( Fig. 4d and Supplementary Fig. 10 ). The direct MTHFD1 product 5,10-CH 2 -THF and most of the precursors for de novo nucleoside and nucleotide biosynthesis were depleted in both conditions, whereas the vast majority of free bases, nucleosides and nucleotides were increased. Furthermore, the trend for similar changes in nuclear metabolite composition was also noticeable in cells treated with the small molecules dBET1 and MTX (Supplementary Fig. 10 ). BET inhibitors and MTX caused highly correlated characteristic changes specifically in the nuclear folate pool that were not observed with other cytotoxic compounds ( Supplementary Fig. 10 ). Overall, a common nuclear metabolite signature for the inhibition of MTHFD1 and of BRD4 is evident, indicating a crosstalk between BRD4-dependent epigenetic regulation and folate metabolism. To test whether MTHFD1-derived metabolites are converted into nucleotides and incorporated into RNA, we treated cells with stable isotope-labeled sodium formate- Supplementary Fig. 10f ). In MTHFD1 knockout HAP1 cells, both the levels and the relative label incorporation of these metabolites were strongly reduced. We then isolated and hydrolyzed total cellular RNA after 24 h of sodium formate- 13 C treatment. In wild-type HAP1 cells we observed significant label incorporation in purine but not pyrimidine nucleotides, which was absent in MTHFD1 knockout cells (Fig. 4e) . Therefore, we reconstituted MTHFD1 knockout cells with either wild-type MTHFD1 or versions of the enzyme with constitutive nuclear localization (NLS) and nuclear export (NES) signals ( Supplementary Fig. 11 ). Wild-type and NLS MTHFD1 resulted in label incorporation to levels comparable to HAP1 wild-type cells. In contrast, cytoplasm-enriched MTHFD1-NES resulted in lower levels of formate-derived purine bases incorporated into RNA, arguing for a nuclear-specific role of MTHFD1 (Fig. 4f ).
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Antifolates synergize with BRD4 inhibitors in diverse cancer models. Based on the similarities in nuclear metabolite composition following loss of MTHFD1 and BRD4, we speculated that antifolates might synergize with BRD4 inhibitors. To test this hypothesis, we treated REDS cells with (S)-JQ1 and MTX alone and in combination. Co-treatment with MTX remarkably amplified the basal RFP signal given by low doses of (S)-JQ1 alone (Fig. 5a ). These results indicate that the chromatin remodeling process can be enhanced when inhibiting BRD4 and MTHFD1 together, emphasizing the role of folate metabolites in epigenetic regulation. We next tested whether this drug synergy also affected cancer cell survival. We selected six cell lines including four cell lines described as not sensitive to BRD4 inhibition, plus KBM-7 and HAP1 cells (Supplementary Fig. 12 ). Dose-response curves confirmed the low sensitivity of these cell lines to (S)-JQ1 treatment and a moderate-to-low sensitivity to MTX treatment ( Supplementary Fig. 12 ). In contrast to the poor response to (S)-JQ1 and MTX individual treatments, the combination of both drugs efficiently impaired cell viability in all six cell lines tested ( Fig. 5b and Supplementary Fig. 12 ). Toxicity was observed at concentrations without any single-agent activity, indicating strong synergy between the two treatments, which was confirmed by calculating synergy indices according to the Bliss independence model 26 ( Supplementary Fig. 12d ). To exclude possible off-target effects of MTX, we treated the cell line showing the strongest drug synergism, A549, with shRNA for MTHFD1 and demonstrated increased sensitivity to (S)-JQ1 ( Supplementary Fig. 12e ). In addition, MTHFD1 knockout HAP1-null cells responded with the induction of apoptosis at lower concentrations of (S)-JQ1 and MTX compared to wildtype cells (Supplementary Fig. 12 ). We further established that BET bromodomain inhibitors can be combined with antifolates in vivo to specifically inhibit cancer cell proliferation without exerting general toxicity. When we treated an A549 xenograft mouse model 27 with MTX and (S)-JQ1 alone and in combination, tumor growth was not impaired by either of the individual compounds, but arrested when the two inhibitors were given together (Fig. 5c-e) .
Discussion
In contrast to nuclear ATP and acetyl coenzyme A biosynthesis 28, 29 , a direct role of folate pathway enzymes in the control of gene expression has not been comprehensively investigated. In this study, we characterize a transcriptional role for nuclear folate metabolism based on the genetic and biochemical interaction of MTHFD1 with BRD4. A fraction of MTHFD1 has previously been shown to reside in the nucleus where it is critical for thymidylate biosynthesis and protection from DNA damage response following folate deficiency 23, [30] [31] [32] . In the current study, we show that MTHFD1 binds chromatin in a BRD4-dependent manner at distinct genomic loci, where it controls gene expression and maintains a pool of folate metabolites in the nucleus. Interestingly, we identified not only MTHFD1 but also the other enzymes of the de novo nucleotide biosynthesis pathway physically bound to chromatin. These enzymes were also detected in a recent large-scale chromatin proteomics study 33 and the purine pathway enzymes SHMT and ADE2 have been described as direct interactors of the BRD4 bromodomains 34 . Purine nucleotides are also the metabolites we find most dramatically changed following loss of either BRD4 or MTHFD1. While purine biosynthesis is generally considered to be localized exclusively to the cytoplasm, early work has shown that radioactive formate can be incorporated into RNA purine bases by isolated nuclei 35 . Future experiments will need to carefully evaluate the enzymatic activity of chromatin-bound nucleotide biosynthetic enzymes to uncover if certain steps of the pathway can also occur within the nucleus. In addition to the direct requirement of nucleotides for transcription, alterations in thymidylate and purine biosynthesis downstream of MTFHD1 might also cause nucleotide stress, which is known to impair P-TEFb activation and transcriptional elongation via upregulation of protein HEXIM1 (ref. 36 ). We hypothesize that BRD4-dependent MTHFD1 recruitment is needed to support local availability of one-carbon metabolites for full transcriptional activation of certain BRD4 target genes needed for cancer cell proliferation. Thus, our finding adds to the growing list of metabolic enzymes and metabolites with roles in the regulation of chromatin structure and transcription [37] [38] [39] [40] . Due to its fundamental role in cell proliferation via nucleic acid biosynthesis, folate metabolism has been widely investigated in cancer biology. Several small molecules, including MTX, that target different enzymes of the folate pathway 41 have been developed. These antifolates are considered to act by inhibiting cell division, DNA/ RNA synthesis and repair and protein synthesis 42 . Our findings suggest an additional 'targeted' mode of these classical chemotherapeutic drugs, which could enable better stratification and treatment regimens for cancer patients. Furthermore, we suggest combination of antifolates with BRD4 inhibitors as possible treatment for particularly aggressive cancers, potentially opening the avenue for more successful therapies.
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Methods
Cell culture and transfection. Human chronic myelogenous leukemia (KBM-7), biphenotypic B myelomonocytic leukemia (MV4-11), chronic myelogenous leukemia (MEG-01 and K-562) and KBM-7-derived (HAP1) cell lines were cultured in IMDM (Gibco) supplemented with 10% FCS (Gibco). Human embryonic kidney (HEK293T) and cervix adenocarcinoma (HeLa) cell lines were cultured in DMEM (Gibco) supplemented with 10% FCS. Human acute monocytic leukemia (MOLM-13), acute monocytic leukemia (NOMO-1) and lung carcinoma (A549) cell lines were cultured in Roswell Park Memorial Institute 1640 medium (Gibco) supplemented with 10% FCS. All the mentioned cell lines were incubated in 5% CO 2 at 37 °C.
HEK293T cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
The retroviral gene trap vector (pGT-GFP) was a kind gift from S. Nijman. The GFP-MTHFD1 plasmid was a kind gift from P. Stover.
Western blot analysis and immunoprecipitation.
For the western blot analysis, proteins were separated on polyacrylamide gels with SDS running buffer (50 mM Tris, 380 mM glycine, 7 mM SDS) and transferred to nitrocellulose blotting membranes. All membranes were blocked with blocking buffer (5% (m/v) milk powder (BioRad)) in Tris-buffered saline with Tween: 50 mM Tris, 150 mM NaCl, 0.05% (v/v) Tween 20, adjusted to pH 7.6. Proteins were probed with antibodies (sourced from Abcam unless otherwise stated) to BRD4 (1:1,000, catalog no. ab128874), β-actin (1:1,000, catalog no. ab16039), MTHFD1 (catalog no. ab70203; H120, Santa Cruz Biotechnology, catalog no. sc-134732; A8, Santa Cruz, catalog no. sc-271412; all used at 1:1,000), MTHFD1L (1:1,000, catalog no. ab229708), MTHFD2 (1:1,000, catalog no. ab151447), GFP (1:1,000, catalog no. G10362; Thermo Fisher Scientific), regulator of chromosome condensation (RCC1 (C-20), 1:1,000, catalog no. sc-1162; Santa Cruz Biotechnology), β-tubulin (1:1,000, catalog no. T4026; Sigma-Aldrich), SHMT1 (1:1,000, catalog no. ab186130), SHMT2 (1:1,000, catalog no. ab180786), DHFR (1:1,000, catalog no. ab49881), lamin B1 (1:1,000, catalog no. ab16048), VDAC1 (1:1,000, catalog no. ab15895) and histone H2B (1:1,000, catalog no. ab156197) and detected by horseradish peroxidaseconjugated donkey anti-rabbit immunoglobulin G (IgG) antibody (1:5,000, catalog no. ab16284) or Pierce donkey anti-mouse IgG antibody (Thermo Fisher Scientific) and visualized with the Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific), according to the protocol provided. Supplementary Fig. 13 contains full scans of all western blots. Gene trap analysis. Raw sequencing data were aligned to the human reference genome hg19 (University of California, Santa Cruz hg19 build) using bowtie2 v.2.2.4 with default parameters. Reads that did not meet the following criteria were removed: (1) had a reported alignment-'mapped reads'; (2) had a unique alignment; and (3) had a mapping quality higher than 20. Duplicate reads were marked and discarded with Picard Tools v.1.111. Insertions in close proximity (1 or 2 base pair (bp) distance from each other) were removed to avoid inclusion of insertions due to mapping errors. Insertions were annotated with gene build GRCh37.p13 (Ensembl 75, February 2014 release) using bedtools v.2.10.1 and custom scripts. The canonical transcripts (according to Ensembl) for each gene were used as a reference gene model to count insertions falling with exons, introns or intragenic. Insertions were considered mutagenic or disruptive to the gene if they occurred within exons irrespective of their orientation to the corresponding gene or if they were located within introns in sense orientation 43 . Insertions in the antisense direction with regard to gene orientation were considered silent. All mutagenic insertions were summarized independently for each gene. For each gene, a one-sided Fisher's exact test was applied to estimate a significant enrichment of insertions over an unselected control dataset. Resulting P values were adjusted for false discovery rate (FDR) using the Benjamini-Hochberg procedure. A cutoff of 5% FDR indicated that a gene was considered significantly enriched. Insertion plots were drawn with the R software and Circos plots were produced using Circos v.0.69-6 (ref. 44 ).
DNA library preparation. DNA was extracted from 30 million GFP
+ /RFP + REDS1 cells using the genomic DNA isolation QIAamp DNA Mini Kit (QIAGEN); 4 μg of DNA was digested with NlaIII or MseI (New England Biolabs; four digestions for each enzyme). After spin column purification (QIAGEN QIAquick PCR purification column, catalog no. 28115), 1 μg of digested DNA was ligated using T4 DNA ligase (New England Biolabs) in a volume of 300 μl (total of four ligations). The reaction mix was purified and retroviral insertion sites were identified via an inverse PCR protocol adapted to next-generation sequencing 45 .
Immunopurification and nano-liquid chromatography (LC)-mass spectrometry (MS) analysis. Anti-BRD4 (catalog no. A301-985A100; Bethyl Laboratories) antibody (50 µg) was coupled to 100 µl AminoLink Coupling Resin (Thermo Fisher Scientific). Cell lysate samples (5 mg) were incubated with prewashed immuno-resin on a shaker for 2 h at 4 °C. Beads were washed in lysis buffer containing 0.4% octylphenoxypolyethoxyethanol and lysis buffer without detergent followed by two washing steps with 150 mM NaCl. Samples were processed by on-bead digest with endoproteinase Lys-C and glycine protease before they were reduced, alkylated and digested with trypsin.
The nano HPLC system used was an UltiMate 3000 HPLC RSLC nano system (Thermo Fisher Scientific) coupled to a Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific), equipped with a Proxeon nanospray source (Thermo Fisher Scientific).
The Q Exactive mass spectrometer was operated in data-dependent mode, using a full scan (m/z range 350-1,650, nominal resolution of 70,000, target value 1 × 10 6 ) followed by tandem mass spectrometry (MS/MS) scans of the 12 most abundant ions. MS/MS spectra were acquired using a normalized collision energy of 30%, an isolation width of 2 and the target value was set to 5 × 10 4 . Precursor ions selected for fragmentation (charge state 2 and higher) were put on a dynamic exclusion list for 30 s. Additionally, the underfill ratio was set to 20% resulting in an intensity threshold of 2 × 10 4 . The peptide match and exclude isotopes features were enabled.
Generation of MTHFD1 knockout HAP1 cell lines.
To generate MTHFD1 knockout mutants, guide RNAs were designed using the CRISPR Design Tool (http://tools.genome-engineering.org) and cloned into pSpCas9(BB)-2A-Puro (PX459) V2.0 (plasmid no. 62988, Addgene; gift from F. Zhang) 46 . HAP1 cells were transiently transfected with PX459 containing the gRNAs by using TurboFectin 8.0 (OriGene Technologies) according to the manufacturer's instructions. Transfected cells were under puromycin selection for 2 d; afterwards, resistant cells were at a low density for single-clone picking. Knockout clones were verified by both PCR and western blotting.
Generation of MTHFD1-NES and NLS vectors.
The MTHFD1 consensus coding sequence was previously inserted into pcDNA3_N-DYK by gene synthesis (GenScript) to generate the MTHFD1 complementary plasmid (MTHFD1-wild type, pcDNA3_N-DYK-MTHFD1).
To generate the pcDNA3_N-DYK_MTHFD1-NES and pcDNA3_N-DYK_ MTHFD1-NLS plasmids, the NES/NLS sequences were fused to MTHFD1-wild type through site-directed mutagenesis (Q5 Site-Directed Mutagenesis Kit, New England Biolabs) according to the user's manual. Preparation of nuclear cell extracts for metabolomics. Nuclei were extracted by hypotonic lysis. Briefly, intact cells treated as indicated in the Results section were washed twice with cold PBS and incubated on ice for 10 min with hypotonic lysis buffer (10 mM HEPES, pH 7.9, with 1.5 mM MgCl 2 , 10 mM KCl and protease inhibitor cocktail (cOmplete; Roche); buffer/cell volume ratio 5:1). The pellet was gently resuspended three times during incubation. Nuclei were collected by centrifugation (420g × 5 min) and immediately snap-frozen.
The metabolomics assay and data analysis were performed by Metabolomic Discoveries (http://www.metabolomicdiscoveries.com). Briefly, LC-quadrupole time-of-flight-MS-based non-targeted metabolite profiling was used to analyze nuclear metabolites in the range of 50-1,700 Da, with an accuracy of up to 1-2 parts per million (ppm) and a resolution of mass/Δmass = 40,000. Metabolites measured in the LC were annotated according to their accurate mass and subsequent sum formula prediction. Metabolites that were not annotated in the LC-MS analyses are listed according to their accurate mass and retention time.
Folate extraction for LC-MS/MS analysis.
To quantify folates in the nuclear and cytosolic fractions, 20 million HAP1 cells per condition were washed twice with cold PBS and collected into a 50 ml Falcon tube (Corning) by centrifugation for 5 min at 280g and 4 °C. Cell lysis was performed on ice in the dark by incubating cell pellets with 1:5 hypotonic lysis buffer for 10 min. Nuclei were collected by centrifugation for 5 min at 420g and 4 °C. Supernatants (cytosolic fractions) were also collected. Both fractions were immediately snap-frozen.
For the nucleus samples, 10 µl of internal standard mixture was added to the nucleus pellet in a 1.5 ml Eppendorf tube followed by adding 145 µl of ice-cold extraction solvent (10 mg ml −1 ascorbic acid solution in 80% methanol, 20% water, v/v). The samples were vortexed for 10 s, then incubated on ice for 3 min and vortexed again for 10 s. After centrifugation (14,000 r.p.m., 10 min, 4 °C), Articles Nature GeNetics the supernatant was collected into HPLC vials. The extraction step was repeated and the combined supernatants were used for LC-MS/MS analysis.
For the cytoplasm samples, 10 µl of internal standard mixture was added to 75 µl of cytoplasm in a 1.5 ml Eppendorf tube followed by adding 215 µl of icecold extraction solvent (10 mg ml −1 ascorbic acid solution in 80% methanol, 20% water, v/v). The samples were vortexed for 10 s, then incubated on ice for 3 min and vortexed again for 10 s. After centrifugation (14,000 r.p.m., 10 min, 4 °C), the supernatant was collected into HPLC vials and used for the LC-MS/MS analysis.
LC-MS/MS analysis of folates.
An ACQUITY UHPLC I-Class (Waters) coupled with a Xevo TQ-S IVD System (Waters) was used for the quantitative analysis of metabolites. The separation was conducted on an ACQUITY UPLC HSS T3, 1.8 µm, 2.1 × 100 mm column (Waters) equipped with an ACQUITY UPLC HSS T3 1.8 µM VanGuard pre-column (Waters) at 40 °C. The separation was carried out using 0.1% formic acid (v/v) in water as a mobile phase A, and 0.1% formic acid (v/v) in methanol as a mobile phase B. The gradient elution with a flow rate 0.5 ml min −1 was performed with a total analysis time of 10 min. The autosampler temperature was set to 4 °C. For detection purposes, the Xevo TQ-S IVD System in positive electrospray ionization mode with multiple reaction mode was employed. Quantification of all metabolites was performed using the MassLynx v.4.1 software (Waters). Seven-point linear calibration curves with internal standardization and 1/x weighting were constructed for the quantification. ChIP-seq sample preparation. Three 15 cm dishes with cells at 70-80% confluency were used for one ChIP-seq experiment. Briefly, cells were cross-linked with 1% formaldehyde for 10 min at room temperature, and then quenched with 125 mM glycine for 5 min at room temperature. Then, cells were washed with cold PBS, collected in 15 ml tubes, washed again with cold PBS by centrifugation at 1,200 r.p.m. for 5 min at 4 °C and finally snap-frozen.
ChIP-seq was performed as described 47 by using BRD4 (catalog no. A301-985A100; Bethyl Laboratories) and MTHFD1 (catalog no. sc-271413; Santa Cruz Biotechnology) antibodies. In brief, cross-linked cell lysates were sonicated to shred the chromatin into 200-500 bp fragments. Fragmented chromatin was incubated overnight at 4 °C with antibodies, followed by 2 h at 4 °C with preblocked Dynabeads Protein G (Thermo Fisher Scientific). Beads were washed twice with low-salt solution buffer, twice with high-salt solution buffer, twice with LiCl buffer, twice with 1× Tris-EDTA buffer and finally eluted with elution buffer for 20 min at 65 °C. The elution products were treated with RNase A (Thermo Fisher Scientific) for 30 min at 37 °C, followed by proteinase K treatment at 55 °C for 1 h; then, it was incubated at 65 °C overnight to reverse the cross-links. The samples were further purified by using a PCR Purification Kit (QIAGEN).
ChIP-seq and RNA-seq data analysis. Next-generation sequencing libraries were sequenced by the Biomedical Sequencing Facility at CeMM using the HiSeq 3000/4000 platform and the 50-bp single-end configuration. For ChIP-seq, reads containing adapters were trimmed using Skewer 48 and aligned to the hg19/GRCh37 assembly of the human genome using bowtie2 v.2.2.9 (ref. 49 ) with the '--very-sensitive' parameter; duplicate reads were marked and removed with sambamba v.0.6.7. Library quality was assessed with the phantompeakqualtools scripts 50 . We used HOMER findPeaks v.4.8 51 to call peaks on both replicates with matched IgG controls as background. This was done in 'in factor' mode for BRD4 and in 'histone' mode for MTHFD1. We used the Genomic Regions Enrichment of Annotations Tool (GREAT) v.3.0.0 52 to assign regions to putative regulated genes with default parameters and to retrieve enriched gene functions from BRD4-or MTHFD1-bound regions. For visualization, we generated genome browser tracks with deepTools2.0 (ref. 53 ) using reads per bin scaled to 1× genome coverage normalization, which were also input to generate visualizations of ChIP-seq signal in peaks either for each peak or in aggregate. This was done for each sample individually and for merged replicates. DiffBind v.2.8.0 54 was used to detect differential binding of BRD4 or MTHFD1 in a consensus set of bound regions by the two factors, for MTHFD1 knockout or dBET6-treated samples against the respective controls. Regions with an absolute log 2 fold change >1 and an FDR-adjusted P < 0.1 were used to display ChIP-seq intensity values using the estimated concentration values from DiffBind. Total differences between ChIPseq levels in these regions between conditions were tested with a Mann-Whitney U-test. For RNA-seq data, we used reads per kilobase of transcript per million mapped reads values as estimated by the Cufflinks software suite v.2.1.1 55 and used the limma removeBatchEffect function to integrate datasets produced in different batches with default parameters. Genes associated with differentially bound sites by BRD4 or MTHFD1 as retrieved from GREAT were used to display the distributions of log 2 fold changes of expression as estimated by the Cufflinks links for RNA-seq data. Overlap between bound and differentially expressed genes was tested with a Fisher's exact test and P values were corrected with the FDR method. All epigenomic data (Gene Expression Omnibus (GEO) accession no. GSE105786) and the data analysis code (https://github.com/epigen/mthfd1) are available.
Mouse xenograft studies. Mouse xenograft studies were performed as described previously 27 ; 2 × 10 6 A549 cells, diluted 1:1 in Matrigel, were transplanted subcutaneously into NOD scid gamma mice. Treatment immunofluorescence, metaphase spread and live cell imaging; cell cycle assay; RNA extraction and RT-PCR; cell sorting; FISH assay; AlphaLISA assay; preparation of nuclear cell extracts for proteomics; peptide microarrays; MS data analysis (proteomics); molecular modeling; chromatin purification and LC-MS/ MS analysis; MS data analysis (chromatin fraction); GO term enrichment analysis (MTHFD1 pull-down on chromatin); in vitro metabolomics and folate extraction for LC-MS/MS analysis; metabolite set enrichment analysis.
Statistics. The statistical tests used are described in the respective figure legends and methods sections.
The following figure panels are representative of experiments repeated the following number of times: Fig. 1c- 
Data availability
Next-generation sequencing data have been deposited with the National Center for Biotechnology Information GEO (accession no. GSE105786). Proteomics data have been deposited with the PRIDE Archive (accession nos. PXD012715 and PXD013090). The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
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Data collection
Raw sequencing data from gene-trap screens were aligned to human reference genome hg19 (UCSC hg19 build) using bowtie2 (version 2.2.4) with default parameters. Duplicate reads were marked and discarded with Picard (version 1.111). Insertions in close proximity (1 or 2 base pairs distance from each other) were removed to avoid inclusion of insertions due to mapping errors. Insertions were annotated with gene build GRCh37.p13 (ENSEMBL 75 -release February 2014) using bedtools (version 2.10.1). For ChIP-seq, reads containing adapters were trimmed using Skewer 51 and aligned to the hg19/GRCh37 assembly of the Human genome using Bowtie2 52 with the "--very-sensitive" parameter and duplicate reads were marked and removed with sambamba.
Data analysis
For gene trap screens, insertion plots were drawn with R statistics software and circos plots were produced using circos Circos. For ChIP-seq analysis, library quality was assessed with the phantomPeakQualtools scripts . We used HOMER findPeaks to call peaks on both replicates with matched IgG controls as background. We used GREAT to assign regions to putative regulated genes with default parameters and to retrieve enriched gene functions from BRD4 or MTHFD1 bound regions. For visualization, we generated genome browser tracks with deeptools2 using RPGC normalization (reads per bin scaled to 1X genome coverage) which were also input to generate visualizations of ChIP-seq signal in peaks either for each peak or in aggregate. TDiffBind57 was used to detect differential binding of BRD4 or MTHFD1 . For RNA-seq data, we used RPKM values as estimated by the Cufflinks software suite. For BRD4 interactome peptide identification, the RAW-files were loaded into Proteome Discoverer (version 1.4.0.288, Thermo Scientific). All hereby created MS/MS spectra were searched using Mascot 2.2.07 (Matrix Science, London, UK) against the human swissprot protein sequence database. Additional data processing of the triplicate runs including label-free quantification was performed in MaxQuant using the Andromeda search engine applying the same search parameters as for Mascot database search. For subsequent statistical analysis nature research | reporting summary
April 2018
Perseus software platform was used to create volcano plots, heat maps and hierarchical clustering. For the MTHFD1 IP-MS experiment, acquired raw data files were processed using the Proteome Discoverer 2.2.0.388 platform, utilizing the database search engine Sequest HT. Percolator V3.0 was used to remove false positives with a false discovery rate (FDR) of 1% on peptide and protein level under strict conditions. Searches were performed with full tryptic digestion against the human SwissProt database v2017.07 (20, 158 sequences appended with known contaminants) with up to one miscleavage site. The functional enrichment analysis of MTHFD1 interacting proteins was performed via programmatic access to Enrichr (http:// amp.pharm.mssm.edu/Enrichr/) using 'GO_Biological_Process_2018' library. Redundant GO terms with semantic similarity score > 0.4 were filtered out via Revigo (http://revigo.irb.hr). Metabolite set enrichment analysis (MSEA) was performed using the online tool MetaboAnalyst (http://www.metaboanalyst.ca/). Quantification of all metabolites was performed using MassLynx V4.1 software from Waters. TraceFinder software (Thermo) was employed for the data processing of isotope labelling experiments For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
Next generation sequencing data have been deposited to NCBI GEO (accession GSE105786), proteomics data have been deposited to PRIDE (accessions PXD012715, PXD013090).
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Sample size
All experiments were performed in independent biological replicates, replicate numbers are indicated in the manuscript. Sample sizes were chosen method-specifically. For animal experiments, sample sizes (n=10 per group) were chosen based on anticipated effect sizes, taking into consideration type 1 error rate and study power.
Data exclusions No data were excluded.
Replication
All replication data are included and confirm the original findings.
Randomization Different biological replicates were performed on separated days, with samples collected from separated cell culture batches and processed by different members of the group. For mouse xenograft studies, animals were randomly assigned to the four different treatment groups.
Blinding
Due to the largely biochemical nature of the study, samples were not blinded. In order to minimise bias, each sample was identified with a number instead of with its specific experimental condition (e.g. "1" instead than "untreated").
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